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Abptract

A gtudy was undertaken to investigate the
sputtered efflux from 5-, 8~, and 30-cm dizmeter
mercury lon thrusters. Quartz crystal microbal—
ances and fused sillca samples were used to analyze
the sputtered flux. Spectral transmittance meas-
urements and spectrographic analysis of the samples
were made after they were exposed to different
thrugter effluence by operating the thrusters at
various conditlons and duraticns of time. Theae
meagurements were used to locate the source of the
efflux and determine its accumulated effect at wvar-
ious locations near the thruster. Comparisone of
in gitu and ex situ transmittance measurements of
samples exposed to thruster efflux are alsoc pre-
gented.

Introduction

Fnowledge of the sputtered efflux distribution
resulting from operating mercury Hg lom thrusters
can be useful te the spacecraft desigper. Of par—
ticular Interest is the condensible efflux which
can form as a result of (1) impingement of beawr
iong on thruster grids, (2) impingement of charge
exchange ions on accelerator grids, (3) sputter
erosion of discharge chamber components, and (&)
impingement of mercury lons oén neutralizer compo-
nents. The resulting metallic efflux If allowed
to depesit as thin films on spacecraft surfaces

.could change the optical propertiecs of optical in-~

atruments, solar panels, and thermel control coat-
ings. The sputtered efflux pattern must be consid-
ered In spacecraft design to prevent degradation
of critical surfaces. This conslderation requires
quantitative knowledge of the condensible sputtered
efflux for the primary or auxiliary propulsion lon
thriuster being conelderad.

The present study was undertaken to investi-
gate the sputtered efflux from 5-, B-, and 30-em
diameter Hg ion thrusters. An attempt was made to
determine the sources of sputtered material and
the efflux distribution. The resultz were accom—
plished by using solar cell cover slides which were
positioned at varlows locations near each thruster.

The thrustars were operated at fixed operating con~ .

ditions for durations ranging from several hours

to 7500 hours. After each test the spectral trans—
mittance of each sample was determined and compared
with the initial spectral transmittance. These
data can be used to determine the accumulative
effect of the sputtered material on spacecraft sur—
faces, The samples were then spectropgraphically
analyzed to ildentify the sputtered elements to aid
in determining the source of sputtered efflux.

A quartz crystal microbalance (QCM) was used
to determine the film thickness and the rate of
sputtered efflux (flux} at various locations near
each thruster. The sample total transmittance data
was correlated to the QCM data to generate a rela-

tion between total transmittance and sputtered film
thickness. These data along with sputtered efflux

data obtained from different thrusters operating at
varloue conditions are presented herein.

Apparatus and Procedure

Detectors

Pused silica solar cell cover plates can be
used to measure sputtered efflux from mercury ion
thrusters. (1} The plate samples, 2,1 em x 2.0 em x
0.15 cm,were placed inside slotted stainlese steel
boxes, (fig. 1} to minimize tank wall, tank baffle,
and support structure back sputter, and positioned
at desired locations near the thruster. A datum
point consisted of operating each thruater at a
constant operating condition. for a given amount of
time during which sputtered material from thruster
components depoeited on the samples. After the test
the samples were removed, and the spectral transg-
mittance between 0.398 um and 2.16 um was measured
using an Integrating sphere-monochromator.

{The spectral transmittance is the vatioc of a
photodetector signal activated by a light source
which pasges through 2 sample to that with no sam-
ple.) TUsing the Johneon curve of solar spectral
irradiance %3), a technique was employed that di-
vided the solar spectrum into 22 energy increments
to ohtain discrete spectral tranemittance data
peinte. {2} The "integration of the spectral trans—.
mittance data points gave the total transmittance.
Comparison of spectral data before and aftrer efflux
exposure can be used to determine quantitatively
the optical effects of sputtered thruster material
on the operation of solar cells, thermal control
coatings, optical windows, or any other dévice sen—
sitive to this wavelength region.

The film depositions on the fused silica san~
ples were then spectrographicaily analyzed using B
standard arc emiseion technique to determine film
coemposition, This Information along with the loca=
tion and view factor of each sampls enabled the
source of sputtered material to be determined. The
film theoretical denmsity could alsoc be determined
from the regults of the speéctrographic analysia.

Quartz crystal microbalances {QCM's) were used
to measure sputtered flux, The resonant frequency
of piezoelectric quartz crystals were a function of
deposited film thickness and its density. (4) A
5 MHz cut crystal wag used for all testa. If the
density of the deposited film f¢ assumed to be the
theoretical density, 2 simple calculation vields
the film thicknese. The linear relationship 1s
given in Eq. 1. ' .

at = C; Affp 1

where

At = change in film thickneegs, R



Cf = mass sensitlvity constant of 5 MHz quartz
erystal = 1.8 gmfem?/cycle/sec

Af = change in quartz frequency, Hz

¢ = density of deposited material, gm/cm2
(10.2 gmfcm3 for all data reported since
wolybdenum wag the major constituent)

The quartz frequency was monitored and recorded
with the thruster run time so that a time rate of
deposition could be determined.

d~cm Dismeter Ion Thrusters

A S5~cm diameter ion thruster (SIT-5) with an
electrostatic vector grid (5) was endurance tested
for 7500 hours, (6,7) The components that could
cantribute as major sources of sputtered efflux
were thought to be the ground screen, accelerator
grid, and neutralizer. Figure 2 shows the thtruster
with the relative locations of these compenents in
addition to the placement of sputtered efflux sam—
ples. The neutralizer keeper cap was located
3.2 cm downstreanm of the accelerator grid and
3.2 cm radially from the edge hole of the acrelera-
tor grid. Beam profile data of the SIT-5 indicated
that the neutralizer keeper cap ceuld be subjected
to moderate sputter erosion. The ground screen
was designed so that it was 0.5 cm downstream of
the accelerator grid at a radial distance of 3.2 cm
from rhe edge hole of the acceleraotr grid to pre-
vent direct Hg ion impingement.

Twe fused silica sample plates were used to
measure the sputtered flux from the thruster. Fig-
ure 2 shows thelr location to be approximately in
the plane of the accelerator grxid. Sample 1 had a
view factor that Included the accelerator grid.
Sample 2 could detect sputtered material from the
neutralizer as well as the accelerator grid.

Sputtered flux emsnating from the thruster was
measured for another §IT-5 thruster with electro-
ptatic—vector accelerator grid. This thruster was
being tested to determine the effects of discharge
voltage AVD on internal thruster component sput-
tering and the effects of the corresponding accel-
erator drain current Ja on external efflux. The
regults of the internsl sputtering investigation
was reported in Ref. 8. The accelerator drain cur-—
rent wag 130, 90, and 80 microamperes,{nd) for the
thtee teats in which AVy was 36.6, 39.6, and
42.6 volts, {(V), respectively. All other thruster
conditions were malntained at nominal 5-cm diameter
thruster valuee during each 400 hour test. (8)
Fused silica samples and QCM's were used to measure
sputtered flux. Each sample box was poeitioned so
the samples and the thruster axis defined a hori-
zontal plane. (fig, 3), The gzamples were located in
the game poeitione for all three tests. Each sam—
ple was located 42 cm from the center of the accel-
erator grid, The angle ()} between the thruster
axls and each sample was varied from 35 to %0 .
The semples and QCM's were arranged to determine
the angular sputtered flux distribution.

8-cm Diameter Thruster

The sputtered flux from an B-cm diameter thrus-—
ter veing dished extraction grids (0.25-em dish
depth) was determined while the thruster was being
eyelic endurance tested, (9) Fused silica samples
or microscope glass slldes along with a QCM were

mounted on'a moveable rod that was parallel to the
thruater axis (fig. 4). A gate valve was used to
remove the rod and detectors while the thruster was
off. All samples were positioned at the same per-
pendicular radial lecation (12.5 cm) from the thrus-~
ter axis but at different axial (z)} distances (par-
allal to the thruster axis} from the accelerator
grid. The locationa in the z direction varied
from -1.5 c¢m (upstream of the accelerator grid) to
5.7 cm downstream of the accelerator grid.

30-¢m Diameter Thruster

Efflux measurements on a 30-cm diameter thrus-
ter were made in a simflar manner to those for
5-cm and 8-cm diameter thrusters. A modified 400
series thruster (10} was cperated at various comdi-
tions both with and without compensated dished
grids. The thruster operation was scheduled for
tests other than efflux sample experiments. Hence
each thruster test was operated at different condi-
tions. Initially 6 fused silica samples were
placed 15° apart on a cutved rod with a radius of
curvature of 30 em. The center of the arc was lo-
cated at the edge apperature of the accelerator
grid. All samples faced the center of the agceleta;
tor grid, and their lecations ranged from 15 to 90
with respect to the thruster axis. This sample ar-—
rangement was usgd only opce because the sample
boxes at 15, 30, and 45 were sputter eroded by
the {on beam. To overcome this problem, two curved
rods were used to mount the sample boxes. One rod
had a tadius of curvature of 30 cm and the other,
60 cm. Both curves had thelr center at an edge
apperature of the accelerator grid. The sample
boxes were attached to each rod at 90, 752 and 60°
with respect to the thruster axls, The azimuthal
angle (B) that the rods make with respect to the
line joining the neutralizer and accelerator grid
centegline was varied between 0 and 180" in steps
of 907, For each datum polnt the rods were posi-
tioned so that no sample view factor included the
other support red. . A sketch of this arrangement is
shown in Fig. 5. :

Vacuum Fdacility and Facility Backsputter

Three different vacuum facilities were used
to pbhtain sputtered efflux data from Hg iom thrus-
ters. One of the tanks, showm in Fig, 6, was con-
sidered ideal for efflux measurements, It contained
a frozen Hg target to minimize condensible material
from being sputtered from the target. This
facility (tank 5 N) was used for the 5~ and B- ecm
diameter thruster endurance tests. A gate valve was
added prior to the B-cm diameter thruster test to
enable the samples and QCM's to be removed and re~
positioned when desired. Fused silica samples that
faced either the tank walls or the frozen Hg target
were used to estimate back sputtered tank or target
material. These hack sputter gamples were not en—
closed in shielded boxes (fig. 4).

Short term {400 hours) 5-ce diameter thruster
tests were run in tank 1, a 1.5 m diameter by 3 m
long tank shown in Fig., 7. The thruster and efflux
apparatug were contained in the 1 m diameter bell
jar of thig tank, Backeputter gamples were placed
in the plane of the accelerator grid and in the
plane of the thruster backplate. The gamples faced
the tank target at both locatioens.

Figure 8 shows the large 7.6 m diameter tamk



{tank 6) which was used for 30-cm diameter thruster
efflux tests. The tests were run with the thruster
mounted in the 3 m diameter port. Other thrusters
and experiments were operated in this faciliety si—
multaneously. (11} This mode of operation resulted
in excesaive efflux material in the tank and this
phenomenum has been noted in Ref. 12. As for tank
5N pamples were poeitloned te view the backsputter
from the tank walls. -

In Situ spectral Transmittance Measurements

Ta evaluate the optical effects of exposing
the sputtered efflux to air and to verify the valid-
1ty of the gpectral transmittance measurements made
ex Bltu in an integrating sphere, an experiment was
undertaken to make in situ spectral transmittance
measutrements. The experimental apparatus is shown
in Fig., 9. A S5IT-5 thruster with electrostatic
accelerator grid was used im the 1 m diameter port
of tank 1. A light source was placed in front of
an 18 cm diameter side port. A slotted chamber in
front of the light source was used for inserting
neutral density narrow band pass filters. A 4 mm x
4 mm active area end-on pencil thermepile was placed
inside a diametrically opposite aide port. A fused
silica sample was mounted in fromt of the thermo-
plle on & lever arm so that it could be rotated.
The thruster was opexated at fized thruster condi-
tions for 150 houra. After 150 hours with the
thruster off and with the faeility still evacuated,
the transmittance (thermopile resgponse with sample
in front of thermeopile to that with no sample) of
the efflux coated sample was determined with each
filter. The data points were taken within 6 hours
after the thruster was shut down. The test cham—
ber was bled up with air to atmospheric pressure
and then evacuated to 5x10~4% torr at which time the
spectral transmittance was taken again.

Results and Discussion

In Situ Spectrzl Transmittance

Since all ex situ spectral transmittance data
reported herein were made in an integrating sphere,
the thin film which was sputter deposited in a vac-
yum chamber was exposed to air before the transmit-
tance data was taken. In situ spectral transmity
tance data wetre obtained to verify the ex situ in-
tegrating aphere data, The results of the in situ
measurements are shown in Fig. 10. For the efflux
sputtered from thrustere the spectral transmittance
inereased at short wavelengths after exposure to
air. The oxygen apparently combined with molyb-~
denun (major comstituent) te form a molybdenum
oxide which reduced the thickness of the free metal
portion of the f£ilm, thus increasing the spectral
trapsmittance. (13) The effe¢t was neglibible at
wavelengths larger than 4660 A (filter peak wave-
lenght), but at wavelengths less than 4660 A the
effect (greater transmittance) increased as the
wavelength decreased. At 4000 the transmittance
nearly doubled. However, the effect on the total
transmittance was only a 3% incregse for the very
thin film (probably less than 20 g) tested, If a
thicker film were evaluated for oxidation effects,
the effect on total transmittance would be lese
than 3%. The spectral transmittance measurements
made in the integrating sphere were valid repre-
sentations of the effects of sputtered efflux from
ion thrueters at wavelengths longer than 4660 4,
and for all the data presented herein the oxidatiom

effects of the sputtered films on transmittance
data was neglected,

Facility Backsputter

Fused silica samples were positioned in each
tank to determine the amount of backsputter from
tank walls and downstream targets., The backsputter
samples that faced the downatream target in tank 1
(fig. 3) revealed only trance amounts of lonr when
spectrographically analyzed. These results indi-
cated that materials sputtered from tank walls and
target could be neglected. Therefore, for 5-em di-
ameter thruster tests this facility was quite ade-
quate.

A zample (not enclosed in a shielded box) that
faced the tank side wall for over 200 hours of
thruster operating time in tank 5N received no op-
tically detectable backsputtered material. How-
ever, spectrographic analysis of samples which
viewed the frogzen target indicated that trace a-
mounts of molybdemum, iron, and/or mercury were
deposited depending on the sample locatlon with
respect to the accelerator grid plane. It was es-
sentlal that the sasmples in this facllity were
placed Iin shielded holders to minimize the effect
of backsputter, Facility designs with frozem Hg
targets did not totally prevent facility backeput—
ter.

Large amounts of iron, nickel, cepper, and
other tank materials were detected by backsputter
samples from tamk §. The backsputter is partially
due to the high beam current of the 30-cm thruster,
the simultaneous operation of several thrusters
and experiments, and the highly contaminated tank
walls, Fxtreme precaution had to be taken to in-
sure the Integrity of efflux measurements made in
this tank. The best means of protecting the samples
was to put them inte shielded boxes. The boxes
limited the view factor of the sample to 1nclude
only certain thruster components, and they pro-

tected the samples from tank backsputter.

‘Fi{lm Thickness and TranSmittaﬂcé Cotrelation

To measure the thickness of a thin film sput-
tered from a thruster and to determine its spectral
characteristics, QCM'e and fused silica samples
were intérchanged at same location 2 cm dowmstream.
of the accelerator grid of an 8-cm diameter thrus-
ter, The thruster was ¢yclic operated at the sane
conditions for each test. Shown in Fig, 11 is the
sputtered depoeltion rate measured by a QCM. The
amount of condensible material emanating from the
thruster 18 a linear function of time, and in this
location the rate was 5.3 A/hour. A spectrographic
analysis of the deposits on QCM's and fused silica
samples Indicated that a1l the films were composed
of molybdenum as the major constituent and tantalum,
mercury and/or iron as minor constituents. This
composition was evident for most samples as shown
in Table I. In general the amounts of each ele-
ment increased as the test duration increased.

SHown in Fig. 12 is the spectral transmittance
of micoracope cover slides placed 2 cm downstream
of the accelerator grid for varlous lengths of time
(5, 21, 46, 69, 96, 162 hours). The film thick-
nesses of each deposition which was deteruined from
QCM data is also given in Fig. 12. This value of
film thickness may not be the true optical thick-



ness since the sticking coefficients of the QCM
and microscope cover slides probably were not the
same, (1%4) For short pericds of time (v50 hours)
or small thicknegses, there is a rapid reduction
in transmittance at all wavelengthe., The changes
in spectral transmittance due to increased film
thickness, however, are wavelength dependent, the
largest reductions in transmittance occurring at
short wavelengths. This trend can be seen more
clearly in Fig. 13 where the data presented i

Fig. 12 is replotted for wavelengths of &500 A,
8200 A, and 15,000 §. For any time exposure the
transmittance at 4500 A 1s less than the transmit-
tance at 8200 A which in turn is less than that
for 15,000 k. From Fig. 13 it is evident that al-
though the depoaition rate of the film as measured
by the QCM is almost linear with time {fig. 11)
the reduction in spectral transmittance 18 not
linear with time. Figure 14 shows that the total
transmittance is also not linear with time.

In figure 12 for thicknesses of 27 & and
larger, the reductions in spectral transmittance
were uniform with increasing film thickness and
did not contain unusual absorption patterns. This
uniformity in reduction may be due to the fact that
the material was deposited at very slow rates.
Sennett and Scott have cbserved similar results
for silver films.{15} For films less than 27
thick, there wag not a uniform reduction in trans-
mittance at a given wavelength. Instead for each
test absorption bands would shift from one wave-
lenght region to another. However, for films .
greater than 27 & thick, the data presented in Fig.
12 were typical of the spectral transmittance data
obtained frem the efflux messurements of molybde=
num, tantalum mercury andfor ilronm compositionm,

The data were reproducible for these elements and
these thicknesses. The total transmittance of the
films could be plotted as a function of film thick-
ness because the gpectral transmittance was in-
versely proportional to the film thickness at all
wavelengths., This plot iz shown in Fig. 15 in
which the total transmittance is plotted as a func-
tion of the logarithm of £1lm thickness. The total
transmittance decreased uniformly as the film
thickness increased and became negligible at a film
thickness of about 1000 . Thus for a film com-
posed mainly of molybdenum at least 27 2 thick,

the total transmittance could be used to determine
the thickness of the deposition.

The nature of the total tranemittance allowed
spectral transmittance curves in Fig. 12 to be used
to caleulste reductions in performance of solar
cells, thermal control ceatings, or optical de~
vises, Care should be taken in evaluating the
effects of a deposit of efflux at a given location
near a thruster if the total thickness of a film
is lesg than 27 A, if the rate of deposit was of
order Afsec instead of &/hour, or if the composi-
tion of the film differed from the Mo, Fe, Hg,
and/or Ta composition found in these tests. A
QCM used to measgure the sputtered flux without
spectral information might yleld insufficient in-
formation to allow proper evaluation of the effects
of efflux on aspacecraft surfaces or components.

S5—cm Diameter Thruster

Because every efflux deposition wae similar
in that each had molybdenum as the major constit—
uent, the total transmittance of the thin filws

will be used to discuss the results of the 5-cm
dismeter thruster. The spatial distribution of
sputtered efflux as Indicated by the transmittance
of the deposited films is shown in Fig. 16{(a). For
the three thruster conditions investigated the re-
sults showed that as the angle (a) between the
thruster axis and sample location decreased from
629 to 500 the sputter efflux increased.
less than 500 (probably clese to 45°) ion sputter
erosion of the samples exceeded the sputtered de-
position. The net result was ercaion of the clean
fused silica by ions as depicted by data at a = 359
By using Fig. 16(h) these results could be qualita-
tively explained. The ion beam profile is approx~
imately a gaussian distribution while the sputtered
efflux profile is theoretically a cosine distribu-
tion. The fon sputtering rate equalled the sput-~
tered flux at approximately 45°. At angles greater
than 45° the cosine distribution of sputtered efflux
wag larger in magnitude which would cause more ma-—
terial to be deposited than sputtered. At angles
less than 45° the gaussian distribution dominated,
and the results was ion sputtering of the sample.

The eputtered efflux showed a dependence on
Ja as shown in Fig. 16{(a). A higher Jas resulted
in a larger sputtered efflux which in turn resulted
in a lower transmittance. At 62° with respect to
the thruster axis the sputtered efflux increased
by 40% as Ja went from 80 te 130 pA. The efflux
thickness of Fig, 16(a) was determined by measuring
total transmittance of each sample and converting
to film thickness using figure 15. Because the
samples located at 35° to the thruster axis were
in the ion beam, the film thicknesses were moat
1ikely negligible. Visual inspection indicated the
sample had been eroded. Transmittance data revealed
a lower transmittance after the tests, and the data
points at 35%° with reepect to the thruster axis
are estimates of film thickness that corresponded
to the reduction in teotal transmittance.

Sputtered efflux data obtained from three dif-

ferent tests In which a 5-om diameter thruster was

operated at nearly indentical conditions fs showm
in Fig. 17 as a function of angle from the thruster

axis. The solld curves were the anticipated sput-
tered flux for three different Ja's of 80, 90, and
130 ym. These results wete calculated from the

cogine distribution analysis of sputter yield due
to charge exchange ions (group 3, Ref. 16) from
Ref, 17, The dotted line indicated the measured
sputteyed efflux., The difference between the
theoretical curve and experimental results at angles
less than 58° represented the amount of material
resputtered by ions. The anticipated deposits
which have a cosine distribution indicated that at
90% from the thruster axis the sputtered efflux
frem charge exchange ions would be zero. However,
measurements cof the sputtered effiux indicated a
rate of about 0.035 A/hour was being deposited.

The detection of sputtered efflux at 90% could be
the result of (1) the sputtered sfflux from group

3 fons not following a cosine distribution, (2) the
samples having a finite view factor, (3) the accel-
erator grid hele walls having & finite axial
length, or (4) the pessibility of second bounce of
sputtered material. Further investigacion is
needed to determine if condensible efflux existed
beyond 90°,

At angles

.y
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&~cm Diameter Thruster

The sputtered flux data from an B8~em dismeter
thruster with 0.25~mm dished extraction grids was
measured with a QCM for various distances upstream
and downstream of the accelerator grid plane at a
fixed perpendicular distance of 12.5 em from the
thruster axie. Figure 18 shows the dependence of
sputtered flux on test duration for a fixed QCM
location. The sputtered flux decreased as the
test duration increased and appeared to approach
an agymptote. A similar decrease in sputtered
flux has been previously observed and was prob-
ably due to time dependent direct fon impingement
of some accelerator grid edge aperatures. The
accelerator holes changed dimeneion slowly until
the configuration ig optimized for thruster oper-
ating conditions.

Figure 19 shows the spatial net efflux dis—
tribution for an 8-cm-diameter thruster. The
maxinum measured sputtered efflux occurred at 2 em
dovnatream of the accelerator grid plane (772 from
thruster axis). The spatial efflux distribution
did not follow a cosine dietribution. Imstead
there wae more efflux than predicted by a cosine
distribution at large angles with respect to the
thruster axis. The net flux dropped abruptly to
zero at approximately 5.5«c¢cm downstream of the
accelerator grid plane. At this lecation the ion
sputtering as indicated by QCM readings equalled
the sputtered flux and defined an eroslon-deposi-
tion equilibrium condition at 57° from the thrus-
ter axis.

At angles greater than 909 a sputtered flux
of about 0.2 4/hr was measured. The pattern of
the film on the samples at these locations upstream
of the accelerator grid plane indicated that the
material was coming through the perforated ground
screen., Spectrographic analysis revealed that the
daposition was mainly molybdenum which indicated
that the sputtered efflux was from the acceleratox
grid. An explanation for this observation was
that the grid material was eputtered toward the
underside of the ground screen. Because the
sticking coefflcient of stainless steel was not
unity, some of the efflux would bounce off the
ground screen. This efflux would then emanate in
directions that would result in molybdenum depos-
itione that were greater than 90° from the thrus-
ter axis. A nonperforated ground screen would
prevent any upstreem flow of multiple bounce sput-
tered molybdenum. This film inside the ground
scregn even after 10,000 hours, would only be
250 A and fleking would not be a serious problem.

30-cm Digmeter Thruster

In Fig. 20 is presented the ratio of the
final to initial total tranemittance for six fused
gllica samples exposed to the efflux from a 30-cm
diameter thruster with compensated dished grids.
The thrustetr was operated at a heam current of
2 amperes, (A) for 43 hours. The gample holders
located at 15°, 30°, and 45° showed signs of beding
eroded by the ion beam. All of the front surfaces
of the boxes at 15° and 30° and half of the front
gurface of the box at 459 were cleaned by the fon
beam. The front surfaces of the boxes at 60°,
759, and 90° looked unchanged. This observation
meant that there was sufficient fon beam diver-
gence to cause noticeable sputtered erosion of the
o 3, P #

Y E *

“ditlons.

sample holders even at 459 with respect to the
thruster axis.

Even though the sample at 15° was ercded by
the ion beam, the total transmittance of the sam-
ple did not change. The only effect of the ion
beam wae to change the transmittsnce through the
sample frem specular to diffuse. The mawximum re-
duction in transmittance of a sample occurred at
459, and as the angle inctreased the tranemittance
Increased. The sample at 90° suffered a reduction
in transmittance which indfcated sputtered material
was deposlted on the sample. This sample at an
azimuthal angle of 180 had a view factor of the
neutralizer. Spectrographic analysis of the depos-
ited film indicated that Ta, of which the neutral-
izer keeper cap and heater shield was composed was
being deposited on the sample as the major constit—
uent. The neutralizer was located 459 from the
thruster axis. The cther samples had & major com-
stituent of melybdenum implicating the grids as the
major sputter source, Ta, Fe, and Hg were alsc
found in trace amounts on the samples.

The solid curve shown in Fip. 21 is the sput-
tered flux of condensibles as calculated from a
cogine distribution analysis of the sputter yield
due to charge exchange ions from Ref. 17. Also

-8hown iIn the figuyre are the data points shown in

Fig. 20 comverted from a total transmittance to a
sputtered flux by using the total transmittance-
£11lm thickness relatien (fig. 15). The measured
flwx was tmuch less than the predicted flux but did
not go to zero at 90%, As wams the case for the

5~ and 8~cm diameter thruster, the 30~cm diameter
thruster efflux did not exactly follow 2 cosine
distribution pattern. At 90° from the thruster
axis there existed a measured flux of 0.1 X/hour
for this particular case, This measurement meant
that the condensible efflux was composed of sources
whose integrated total efflux distribution did not
follow a gpatial cosine distribution upon leaving
the thruster.

Shown in Fig. 22 is the ratio of the final to
Initial total transmittance for samples located
30 em from the accelerator grid at 600, 759, and
90° from the thruster axis and at an azimuthal angle
of 180° plotted as a function of time, The data
was taken during three separate thruster tests of
43, 107, and 289 hours with drain current values of
3.0, 2.6, and 3.5 mA, respectively. For the sam—
ples at 900 the reduction in transmittance was
slower than for the samples located at 60° and 759,
Nevertheless all samples did suffer a reduction in
transmittance. The samples at 909 had a view fac-
tor of the neutralizer and the major comstituent
of the deposited film was Ta. The samples located
at 60% and 75% initially suffered a sharp decrease
in transmittance. For the sample at 60° the trans—
mittance was reduced te 0.26 of its initial walue
after 107 hours of testing,

In Fig. 23 is shown the results of exposing
efflux samples at the same location, for the same
length of time, and for two different thruster con~
Operating the thruaster at a lower dis=
charge voltage caused the thruster to run at a
lower propellant utilization efficlency. A lower
propellant utilization efficiency increased the
drain current which in turn increased the efflux.
The samples received more efflux for AVI =331V



and guffered a greater reduction in transmittance
than the samples for AVy = 37 V.

Samples were also placed near the thruster
for tests at 900, 759, and 60° from the thruster
axis, at various azimuthal angles and at distances
of 30 em and 60 cm from the thruster. These gam-
ples were exposed to different thruster operating
conditions, different thruster components, such as
baffles and gride, and varilous lengths of opera-
ting time. However, because of the variety of
thruster vperating conditions during the efflux
meagurements, it was not possible to generate an
efflux function. In Bome thruster tests the oper-
ating condftions on the thruster were not held
constant during a pgiven sample exposure time.

Algo from test to test more than one varlable was
changing, making it impoazible to correlate the
efflux or a charge in the efflux with any single
parameter. Nevertheless, several comments on the
data can be made. From gpectrographic amnalysis of
the pamples, it was found that as the angle (u)
decreases from 90° to 60° the amount of Hg and Mo
found on the samples increases. Except for the
azimuthal position of 180° and & sample angle (a)
of 90% where Ta was the major comstituent, Mo was
the major comatituent found on the samples. The
Ta found on the samples was azimuthally direction—
al, for chenging the szimuthal amgle, B, reduced
the amount of Ta on the samples at a « = 90° lo-
cation, At an azimuthal angle of 0° (above the
neutralizer) no Ta wae found 1n the o = 90° gam-
ple, which indicated that the neutralizer keeper
and the heater shield were aroded by the ion beam.

Increasing the sample distance from the thrus
ter at a given angle decreased the relative amount
of material deposited on the samples. Shown in
Fig. 24 is a plot of the ratioc of fipsl to initial
transmittance as a function of angle from the
thruster axis. Although the azimuthal angle (B)
for the two distances was different the data does
shew that increasing the sample distance from the
thruster at a given angle dectreases the relative
amount of material deposited on the samples.

Using a set of dished uncompensated gride caused
the largest reductionsg in transmittance of any
sample ixposed for comparable lengths of time,
Also placing an annular mask (25 cm I.D. and 30 cm
0.D.) on the aecelerator grid to block the outer—
most holes of the prids, did not decrease the
material belng sputtered, but actually increased
it, The use of grid compensation (L&) 4iq change
the erosion rate and may be a way of minimizing
the amount of grid material being eroded.

Conpluding Remarks

A technique has been developed which used
spectral transmittance of samples exposed to
thruster efflux to determine and characterize the
affect of the efflux on spacecraft surfaces and
optical devices. The ex situ transmittance meag~
urements taken in an integrating sphere are repre-
gentative of data taken in situ. An investigation
of the backsputter from various facilities used
for efflux studies revealed that caution must be
taken to ensure that the efflux samples are pro-
tected from materials from tank walls and targets.
One of the best ways to protect the samples was

— to put them ineide small shielded boxes.
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With few exceptifons the composition of the
sputter efflux deposited on the samples was molyb-
demm (major eonstituent) with trace amounts of
tatalim, iron and/or metcury. Because deposited
films had molybdenum ae the major constituent, a
relationship between efflux film thickness and to=-
tal transmittance wag establighed for film thick-
nesses between 30 A and 1000 A. It was then pos-
sible to determine the film thickness and 1ts spec—
tral characteristics from the total tranamittance
of the deposited efflux. Efflux semples could
also be used as dizgnostic tools to determine
whether a thruster component, such as the neutral=~
izer keeper cap, was belng eroded.

The efflux from a 5-cm diameter thruster was
deposited on samples located in the plane of the
accelerator grid (an angle of 90° with respect to
the thruster axis). An equilibrium between icn
beam erosion and efflux deposition occurred be-
tween 45% and 60° with respect to the thruster axis.
At angles greater than these the efflux depoeitiom
dominates and a deposition formed on the samples.
At angles less than these the ion beam etched the
samples cauaing the total transmittance to become
diffuse rather than specular.

The 8-ck diameter thruster efflux results
showed that the location of ifon beam sputtering
and efflux deposition equilibrium ocecurred at 57°
with respect to the thruster axis. A =mall efflux
was measured at o = 90° and the maximm efflux
oecurred at o = 77°, The sputter flux decreased
ag the cyelic endurance test progressed and ap-
peared to be approaching an asymptote,

The 30-cm diameter thruster had an ion beam
erogion-efflux deposition equilibrium at 45°, The
sputter flux was shown to be dependent on accel-
erator drain current. The neutralizer was posi-
tioned such that it was being aputtered by a small
ampunt of direct ion impingement.
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Spectrographic results of aputtered material from

8-cm diameter thruster for different test durations

while operating in tank 5N.

Samples located in

plane of ground screen and had view factor
of accelerator grid and neutralizer.
Elements detected, Mg/cmZ,

Sample Test Film
number duration, thickness,
hr 5 '
1 21 130
2 48 280
3 69 420
4 96 580
5 162 990

Elements detected, Mg,"cm2

- Fe Heg Mo Ta
.38 .38 2.0 24
21 L. 4.3 .72
.28 1. 5.1 1.2
.3 2. 5.4 2.2
o4 ".5 5.4 2.6

-
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Figure 1. -2 5x 2.5 x 2.5 efflux sample box.

Figure 2. - Location of efflux samples for 7500-hour, 5-cm
diameter thruster endurance test.
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Figure 3. - Sample locations with respect to thruster axis for 5 cm
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Figure 6. - Test facility (tank 5N) for 5- and 8-cm diameter thruster
endurance tests.

Figure 5. - Experimental setup for 30-cm diameter thruster efflux
measurements,
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Figure 9. - Experimental apparatus for in situ spectral transmittance
measurements,
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Figure 12 - Spectral transmittance of eff|ux samples fo-
cated 12. 5 cm perpendicularly from 8-cm diameter
thruster axis. Sample location is 2 cm downstream
of accelerator grid in a shielded box, Sample view
factor is across accelerator grid.
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Figure 13, - Transmittance measure-
ments as function of time for wave-
lengths of 4500 A, 82004, 15 000 A,
Data from efflux from 8-cm diameter
thruster.
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Figure 14, - Total transmittance of
efflux depositions as function of
exposure time with 8 cm diameter

“on thruster. (Same samples as
for fig, 12.)
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Figure 16, - Spatial distribution
of sputtered efflux 42 cm from
sit 5 thruster for J, = 80 and
130 mA. Test duration, 400 hr.
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Figure 17, - Theoretical and ex-
perimental sputter flux as
function of angle from thruster
axis for 5-cm diameter thruster,
All samples 42 cm from center
of accelerator grid,
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Figure 20. - Ratio of final to initial total transmittance
of efflux samples located 30-cm from edge of acceler-
ator grid of 30-cm diameter thruster,
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tal sputter flux as function of angle
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thruster.
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Figure 22 - Final to initial total transmittance ratio as func-
tion of thruster operation time for 30-cm diameter thruster.
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Figure 23, - Final to initial total transmittance ratio as function
of angle from thruster axis for 30-cm diameter thruster.
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